Biodegradation of 17 -estradiol (E2), estrone (E1), and testosterone (T) was investigated in three wastewater treatment plant (WWTP) affected streams in the United States. Relative differences in the mineralization of [4-14 C] substrates were assessed in oxic microcosms containing saturated sediment or water-only from locations upstream and downstream of the WWTP outfall in each system. Upstream sediment demonstrated significant mineralization of the "A" ring of E2, E1, and T, with biodegradation of T consistently greater than that of E2 and no systematic difference in E2 and E1 biodegradation. "A" ring mineralization also was observed in downstream sediment, with E1 and T mineralization being substantially depressed relative to upstream samples. In marked contrast, E2 mineralization in sediment immediately downstream from the WWTP outfalls was more than double that in upstream sediment. E2 mineralization was observed in water, albeit at insufficient rate to prevent substantial downstream transport. The results indicate that, in combination with sediment sorption processes which effectively scavenge hydrophobic contaminants from the water column and immobilize them in the vicinity of the WWTP outfall, aerobic biodegradation of reproductive hormones can be an environmentally important mechanism for nonconservative (destructive) attenuation of hormonal endocrine disruptors in effluent-affected streams.
Introduction
The release of endocrine-disrupting chemicals (EDCs) in wastewater treatment plant (WWTP) effluent poses a significant threat to the ecology of surface water receptors due to impacts on the hormonal control, sexual development, reproductive success, and community structure of aquatic organisms and associated wildlife (1, 2) . The estrogens are of particular concern owing to high endocrine activity (3) (4) (5) (6) and additive effects (7) . These hormones have been identified as primary estrogenic agents in wastewater effluent (8, 9) , accounting for greater than 95% of estrogen receptor agonist activity (10) .
E2 and E1 induce vitellogenesis and feminization in fish species (7, 9, (11) (12) (13) (14) (15) (16) at dissolved concentrations as low as 1-10 ng/L (7, 9) . WWTP effluent concentrations of 0.1-88 ng/L and 0.35-220 ng/L have been reported for E2 and E1, respectively, with typical detections of 1-10 ng/L (8, (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . E2 and E1 in excess of 100 ng/L have been reported in surface water receptors (29) , but are typically in the range of <0.1-25 ng/L (17, 18, 21, 22, (26) (27) (28) (29) (30) (31) (32) . Because sensitive fish species are affected by concentrations as low as 1 ng/L and because the effects of reproductive hormone and nonhormonal EDCs are often additive (33) , such dissolved concentrations are an environmental concern. Furthermore, estrogen concentrations in surface water sediment can be up to 1000 times higher per volume than in the associated water column, ranging from 0.05 to 29 ng/g dry weight (28, (34) (35) (36) (37) .
Conservative mechanisms like dilution and sorption have been the foundation of wastewater management in surface water systems, but the fact that reproductive hormones trigger organ-and organism-level responses at ng/L concentrations raises concerns about the ultimate reliability of attenuation mechanisms that do not directly degrade endocrine function (38) . Endocrine disruption at hormone concentrations (1-10 ng/L) (7, 9, 15, 16) , which have become detectable only with recent analytical innovations, illustrates this concern and emphasizes the importance of characterizing nonconservative, contaminant attenuation processes.
This study assessed the potential for microbial degradation of reproductive hormones in effluent-affected streams. Specific objectives were to assess the ability of stream sediment microorganisms to mineralize reproductive steroid hormones; the relative potential for reproductive hormone biodegradation in stream sediments versus the water column; and the effect of WWTP-effluent on reproductive hormone biodegradation in wastewater affected streams.
Material and Methods
Chemicals. The potential for in situ biodegradation of effluent-associated reproductive hormones was investigated using aqueous solutions of 14 C-labeled E2, E1, and T (each 54 µCi/µmole; radiochemical purities greater than 97%; American Radiolabeled Chemicals, St. Louis, MO). Substrates were 14 C-labeled in the C-4 position of the steroid "A" ring ( Figure 1) Environ. Sci. Technol. 2009 , 43, 1902 -1910 (2) . In the South Platte River, E1 was observed upstream (mean ( standard deviation; 2.1 ( 0.1 ng/L, n ) 2) and downstream of the MWRD outfall (22. whereas E2 was only detected (8.4
Microcosm Studies. Replicate bed sediment microcosms were prepared under oxic conditions as described previously (41, 42, 47, 48) because a recent investigation (42) indicated significant interstitial dissolved oxygen in all three streams. In brief, sediment was thoroughly mixed before dispensing approximately 8 g saturated material (5 g dry sediment, 3 mL water) into 11 mL microcosms. Triplicate experimental, duplicate autoclaved controls and a single sediment free control were prepared for each treatment. All hormone treatments for a given stream and location were prepared from a single, mixed sediment sample. All treatments (stream, location, and hormone) were prepared concurrently (within 48 h) approximately 4 weeks after sample collection. Microcosms were amended with 0.04 µCi of [4- 14 C] substrate to yield initial sediment concentrations of 30 ng/g dry weight, comparable to concentrations reported in effluent-affected stream sediment (34) . All sediment microcosms were incubated concurrently in the dark at 23°C for 32-34 days. Microcosms were incubated under static conditions to limit the sediment oxygen supply to diffusion and more readily assess the effects of sediment oxygen demand (42) were verified by gas chromatography (GC) with thermal conductivity detection (TCD) and radiometric detection (RD) as described in detail (47, 48) . The headspace sample volume was replaced with 100% oxygen to maintain oxic conditions. GC/RD output was calibrated by liquid scintillation counting using H 14 CO 3 -and sediment biochemical oxygen demand (BOD) was estimated as described (42) . study was attributed to microbial activity because no significant recovery of 14 CO 2 (recovery less than 2% of theoretical) was observed in sterilized control microcosms. Recovery of 14 CO 2 was interpreted as explicit evidence of microbial cleavage of the steroid "A" ring and loss of endocrine activity, as demonstrated previously using the yeast estrogen screen (YES) assay (39, 40) . The results are consistent with previous reports of microbial transformation and "A" ring cleavage of [4- 14 C] E2 in rivers in the United Kingdom (40) and Japan (49) and suggest that the potential for aerobic biodegradation of reproductive hormones may be widespread in stream systems.
Results and Discussion
Upstream sediments were not under the immediate influence of wastewater discharge and served as "background" samples. Anthropogenic effects cannot be dismissed at upstream locations, however, because all three reaches were in urban areas. In particular, the South Platte MWRD reach was 19 km downstream from a preceding outfall. In the absence of an immediate source of contamination and in light of their structural similarity (Figure 1 ), little variation in biodegradation potential between individual compounds was expected in these "background" sediments. Nevertheless, T was generally more biodegradable than either E2 or E1 within individual stream systems. Sediment Downstream from WWTP Outfall. Effluent may enhance in situ biodegradation of hormone contaminants by introducing WWTP-derived degradative populations or by stimulating the indigenous microorganisms through increased supply of nutrients and cometabolites. Alternatively, toxins (biocides, antibiotics, toxic metals, etc) in the waste stream, competitive inhibition by effluent-derived carbon substrates, and depletion of efficient terminal electron acceptors like oxygen may depress biodegradation.
Previous investigations conducted in these three stream systems on the potential for biodegradation of wastewater indicators compounds (caffeine, cotinine, nicotine) and the endocrine-disrupting detergent metabolite, 4-nonylphenol (4-NP), reported consistent inhibition of microbial degradation downstream from the respective WWTP (47, 48) . In this study, however, the effect of WWTP effluent on the biodegradation of reproductive hormones varied between stream systems and target hormones. Due, perhaps, to the low contribution of effluent to downstream flow (about 15% of downstream flow at the time of sample collection) and/or the lack of detectable concentrations of reproductive hormones, little difference in hormone mineralization was observed between sediment collected upstream, immediately downstream, or 3 km downstream from the WWTP outfall in Fourmile Creek (Figures 2-4) . In the more effluentdominated Boulder Creek and South Platte River reaches, however, biodegradation of reproductive hormones often differed between upstream and downstream sediment locations (Figures 2-4) . Mineralization of the "A" ring of E1 and T, generally declined in sediment collected immediately downstream from the WWTP outfall in Boulder Creek and the South Platte River. The fact that "A" ring mineralization of E1 and T in sediment collected approximately 10 km downstream from the MWRD outfall on the South Platte River was comparable to that observed upstream from the outfall, suggests that the inhibitory impact of WWTP effluent on biodegradation was localized.
In contrast, E2 "A" ring mineralization was substantially greater in sediment collected immediately downstream from the WWTP outfall in the effluent-dominated Boulder Creek and South Platte River study reaches (Figure 2 ). The recovery of 14 CO 2 in the immediate downstream sediment was approximately twice that observed upstream of the outfall in Boulder Creek and the South Platte River ( Figure  2) . A comparison of the relative change in ring cleavage and subsequent mineralization of diverse wastewater contaminants between upstream and outfall sediments ( Figure 5 ) emphasizes the atypical response of sediment E2 mineralization to effluent exposure. Of the five wastewater contaminants, only E2 mineralization was stimulated in sediment collected immediately downstream from the WWTP outfall in the effluent-dominated Boulder Creek and South Platte River reaches ( Figure 5 ). The fact that no difference in E2 "A" ring mineralization was observed between upstream and downstream locations in the less effluent-affected Fourmile Creek suggested that the stimulation of E2 mineralization observed in the Boulder Creek and South Platte River study reaches was attributable to some characteristic of the WWTP effluent and may be concentration dependent.
The different responses of E2 and E1 "A" ring mineralization to effluent exposure is striking, considering their structural similarity and that E1 is often suggested as an intermediate in E2 biodegradation (27, 39, 40) . Final 14 CO 2 recoveries from [4- 14 C] E2 were 65% and 150% greater than from [4- 14 C] E1 in Boulder Creek and the South Platte River, respectively (Figures 2 and 3) . Thus, the outfall sediment microbial communities in both reaches demonstrated increased degradation and marked substrate specificity for E2. This observation indicates that E2 mineralization in downstream sediments in Boulder Creek and the South Platte River did not involve initial conversion to E1, as has been reported for aerated activated sludge systems (27) . Sediment BOD and Biodegradation. In two previous studies in these reaches, the inhibitory effect of WWTP effluent on downstream biodegradation of diverse wastewater contaminants (cotinine, nicotine, caffeine, and 4-NP) was attributed, in part, to effluent-associated increases in BOD and a concomitant shift toward less efficient anoxic biodegradation (47, 48) . Thus, the relation between sediment BOD and "A" ring mineralization of E2, E1, and T was also assessed in this study. The static conditions, under which all treatments were incubated, effectively limited oxygen supply to diffusion and exaggerated the impact of sediment BOD on oxygen availability. The relation between sediment hormone mineralization and sediment BOD was assessed by comparing the initial linear rate of [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] hormone mineralization with the sediment BOD for all locations in the three study reaches.
No significant correlations between BOD and mineralization of [4- 14 C] E1 or [4-14 C] T were observed (Spearman Rank Order Correlation p ) 0.39 and p ) 0.79 for E1 and T, respectively). Mineralization of [4- 14 C] E2 increased significantly (Spearman Rank Order Correlation; p ) 0.029); r 2 ) 0.80 for simple linear regression of E2 mineralization against BOD) with sediment BOD in this study ( Figure 6 ).
The positive correlation between E2 mineralization and sediment BOD ( Figure 6 ) contrasts with the negative relation between sediment BOD and 4-NP mineralization in these reaches (42) . Because mineralization of [U-ring- 14 C] 4 -n-NP to 14 CO 2 was completely inhibited under anoxic conditions, the negative correlation between 4-NP mineralization and sediment BOD was attributed to oxygen limitation (42) . While the impact of anoxia on E2 mineralization was not assessed here, previous investigations reported only biotransformation of E2 to E1 and no detectable "A" ring mineralization under anoxic conditions (27, 31, 39, 40, 50) . Thus, the positive correlation between E2 mineralization and sediment BOD in this study was attributed to effluent-associated factors that promote E2 biodegradation despite BOD-driven oxygen limitations. Inoculation of the downstream sediment with WWTP-derived microorganisms capable of efficient E2 degradation appears likely (27, 31, 39, 40, 51) .
E2 Biodegradation in Sediment and Water. The experimental approach focused on sediment biodegradation, because the hydrophobic character of reproductive hormones favors sorption and results in sediment concentrations up to 1000 times higher on a per volume basis than in the associated water column (28, (34) (35) (36) (37) . In light of the frequent detection of reproductive hormones in the aqueous phase of effluent-affected streams, however, a limited assessment of the potential for biodegradation of hormone contaminants within the water column was conducted using [4- 14 C] E2 as a model substrate.
Mineralization of [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] E2 to 14 CO 2 was observed in wateronly microcosms in this study, but the extent of biodegradation (Figure 7 ). This pattern is similar to that for E2 mineralization in corresponding sediment microcosms and consistent with the hypothesis that some component of the WWTP effluent enhanced E2 biodegradation in these locations.
The rate of E2 mineralization observed in water-only microcosms was at least an order of magnitude lower than that in treatments prepared with an equivalent volume of stream-bed sediment (Figure 7 ). Significant E2 mineralization was observed in Fourmile Creek sediment but not in wateronly microcosms. No E2 mineralization was apparent in Boulder Creek or South Platte River water-only treatments after 2, 4, or 10 day incubations (data not shown). Final recoveries of 14 CO 2 in water-only Boulder Creek and South Platte River treatments after 182 days of incubation were generally less than half of that observed in corresponding sediment treatments after only 32 days. Maximum rates of E2 mineralization (averaged over 182 days) in Boulder Creek and South Platte River water-only treatments were on the order of 0.001 d -1 , whereas downstream velocities in these systems were on the order of km d -1 . Thus, while E2 mineralization may be appreciable in the water columns of some systems, it may not be a significant attenuation mechanism for endocrine activity in all surface waters and does not appear to be sufficient to prevent substantial downstream transport Implications for WWTP-Affected Stream Systems. The rates of aerobic reproductive hormone mineralization observed in this study in water-only treatments were low relative to streamflow velocities. Consequently, acting alone, biodegradation in the water column appears unlikely to prevent substantial downstream transport. However, the hydrophobic character of reproductive hormones results in partitioning to the sediment phase (31, 34) where the potential for aerobic microbial mineralization of reproductive hormones appears substantial. Thus, in combination with sediment sorption processes which effectively scavenge hydrophobic contaminants from the water column and immobilize them in the vicinity of the WWTP outfall, aerobic biodegradation of reproductive hormones can be an environmentally important mechanism for nonconservative (i.e., destructive) attenuation of the endocrine disrupting activity of these potent environmental contaminants in effluent-affected streams. Moreover, the aerobic mineralization observed in this investigation indicates that the assimilative capacity approach, the historical cornerstone of WWTP effluent management, also may be feasible for reproductive hormone contaminants, once environmentally protective water-quality criteria have been established.
